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INTRODUCTION
In myopia, the images of distant objects are focused in front of, rather than on, the retina under relaxed accommodation. Myopia is the commonest eye anomaly in the world and imposes a huge impact on the public health care system and the economy. 1 In particular, subjects with high myopia, usually defined as ≤-6.0 diopters (D), are more prone to ocular degenerative changes such as glaucoma and retinal detachment. Myopia is much more frequent in Orientals (60-80%) than in Caucasians (10-25%) although its prevalence varies with time, the age of the subjects, and the ethnic origin of the population concerned. 2 In Hong Kong, the prevalence is highest (70%) for age 19-39, and then drops after age 40. 3 Both environmental and genetic factors contribute to myopia although the exact cause of myopia remains to be determined. [4] [5] [6] Environmental factors such as lifestyle, schooling, near-work and outdoor activities are known to contribute to differences in the prevalence of myopia. Estimates of heritability are high for refractive error and major ocular components, and shared genes between relative pairs could explain the strong correlation between refractive error and axial length. [7] [8] [9] Myopia mainly results from elongated eyeball caused by accelerated postnatal eye growth, rather than changes in corneal or lens power. 10 During myopia development, the sclera undergoes active remodeling, which involves matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) -the enzymes involved in the degradation of extracellular matrix.
Matrix metalloproteinase 2 (MMP2) is increased in the sclera of the myopic eye induced by form deprivation in chicks when compared to the control eye, and the increased expression has been consistently shown for both the protein [11] [12] [13] [14] and the mRNA transcript. 14, 15 Increased scleral MMP2 expression in form-deprivation myopia has also been shown in tree shrew at both the protein 16 and the mRNA level, 17, 18 and in guinea pig at the protein level. 19 Increased MMP2 transcript level has also been found in human scleral fibroblasts mechanically stretched in an in vitro system, 20 in lens-induced myopia in tree shrew, 21 but not in lens-induced myopia in chick. 22 On the other hand, there is less extensive study of TIMP expression in induced myopia. TIMP2 expression is found to be reduced in form deprivation myopia in chick 14 and in lens-induced myopia in guinea pig, 19 but at comparable levels as the control eye in lens-induced myopia in both tree shrew 21 and chick. 22 Finally, TIMP3 transcript level is found to be reduced in lens-induced myopia in tree shrew. 21 These studies did not specifically examine any potential interaction among these three genes.
We used a case-control study approach 23 to examine the relationship between high myopia in a Han Chinese population and the tag single nucleotide polymorphisms (SNPs) of three candidate genes. These three candidate genes were selected for this study because their involvement in scleral remodeling has been confirmed by extensive studies of animal myopia models, as has been summarized above. We performed the case-control study in three stages: (1) initial screen of DNA pools to identify putatively positive SNPs, (2) confirmation of "positive" SNPs by genotyping of individual DNA samples forming the original pools, and (3) replication of positive SNPs by an independent sample set ( Fig. 1 ). The initial DNA pooling step served to reduce the cost and time involved in individual genotyping. 23, 24 DNA pools were created by mixing equal amounts of DNA from many individuals sharing the same disease status. Thus, "case pools" were constructed from subjects with high myopia (cases) and "control pools" from emmetropic subjects (controls) in this study. Moreover, we adopted an optimal experimental design in DNA pooling step by creating small DNA pools each constructed from 50 distinct individuals of the same disease status. 25 
METHODS

Subjects and DNA samples
In DNA pooling-based initial study, 600 unrelated Southern Han Chinese subjects (Sample Set 1)
were recruited: 300 cases of high myopes with spherical equivalent (SE) ≤−8.00D in both eyes, and 300 emmetropic controls with SE within ±1.0 D in both eyes. Positive SNPs from the DNA poolingbased initial screen were confirmed by individual genotyping of the original Sample Set 1 and, if confirmed, replicated by testing a second sample set (Sample Set 2). Sample Set 2 consisted of 710 unrelated Han Chinese subjects with 356 cases and 354 controls. The same entry criteria were used for subject recruitment of both sample sets. This study was approved by the Human Subjects Ethics Subcommittee of the Hong Kong Polytechnic University, and adhered to the tenets of the Declaration of Helsinki. Signed, informed consents were obtained from all participants. All subjects were recruited from the Optometry Clinic of the Hong Kong Polytechnic University, and collection of blood samples and DNA extraction were performed as described previously. 26 
Construction of DNA pools
For the DNA pooling study, all DNA samples were accurately quantified by a PicoGreen method (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions and diluted to a final concentration of 5±0.3 ng/μl. Equal volumes of DNA solutions were mixed to create DNA pools. Six case pools and six control pools were constructed for Sample Set 1, each consisting of 50 distinct individuals of the same disease status.
Selection of tag SNPs
Three candidate genes were selected for study: MMP2, TIMP2 and TIMP3. Tagger implemented in Haploview (http://www.broadinstitute.org/haploview/haploview) was used to select tag SNPs with the following setting: pairwise tagging algorithm, r 2 ≥0.8 and minor allele frequency (MAF) of more than 0.1. The selection was based on the Han Chinese genotype data from the International HapMap Project database (release 23a, phase II; http://www.hapmap.org/) for these three loci and their flanking regions (3 kb upstream and 3 kb downstream of the genes). In total, 49 tag SNPs were selected from these 3 genes for analysis by the DNA pooling strategy ( Table 1) .
Allele frequency estimation in DNA pools
The same protocols were used for all 50 SNPs examined unless stated otherwise. Touchdown PCR was performed in a total volume of 15-μl reaction mixture containing 25 ng of genomic DNA template, 0.1 µM of each primer ( Supplementary Table S1 ) and 1.5 mM MgCl 2 , 0.2 mM of each dNTP and 0.2 U of HotStarTaq Plus DNA Polymerase (Qiagen, Hilden, Germany) in 1× PCR buffer provided by the manufacturer. There were a few exceptions: 0.3 µM of each primer was used for 3 SNPs (rs243845, rs11639960 and rs12600817) and 2.5 mM of MgCl 2 for 2 SNPs (rs11639960 and rs12600817). Amplification was performed in a GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA). The touchdown thermocycling program included activation at 95ºC for 5 min, followed by 6 cycles of 95ºC for 30 seconds, 64°C (initial annealing temperature) for 45 seconds and decreased by 1ºC per cycle, and 72 ºC for 45 seconds, plus additional 38 cycles of 95ºC for 30 seconds, 58 ºC (final target annealing temperature) for 45 seconds and 72ºC for 45 seconds; and final extension at 72ºC for 7 minutes. There were a few exceptions: the initial and final annealing temperatures were 62 ºC and 56 ºC for 4 SNPs (rs11643630, rs243845, rs11639960 and rs12600817).
PCR products were purified using shrimp alkaline phosphatase and exonuclease I. Primer extension (PE) reactions were performed in a 25-μl reaction volume containing 10 μl purified PCR products, 1.5 μM of the specific primer ( Supplementary Table S1 ), 50 μM of each appropriate ddNTP and/or dNTP ( Supplementary Table S1 ) and 1 unit of Therminator (New England Biolabs, Beverly, MA) in a 1× reaction buffer supplied by the manufacturer. Thermocycling was performed with an initial denaturation step at 96ºC for 1 minute, followed by 55 cycles of 96ºC for 10 seconds, 43ºC for 15 seconds and 60ºC for 1 minute.
Denaturing high performance liquid chromatography (DHPLC) analysis was performed using the WAVE Nucleic Acid Fragment Analysis System (Transgenomic Inc, Omaha, NE). PE products were analyzed with a 6% linear gradient change of the working elution buffer over a 3-minute period and a different starting concentration of buffer B, dependent on the SNP concerned ( Supplementary   Table S1 ). 27 Relative allele frequencies in DNA pools were estimated based on the intensity of primer-extended products by DHPLC. For each DNA pool, the analysis included a single PCR followed by a single PE reaction and a single DHPLC analysis. Each DNA pool was analyzed in triplicates ( Fig. 2) . In other words, there were 36 sets of readings for 6 case pools and 6 control pools (Sample Set 1) for each SNP.
Individual genotyping
The positive findings (3 SNPs) in the DNA pooling-based initial study were confirmed by individual genotyping of the same sample set (Set 1) with MassArray iPLEX chemistry (Sequenom, San Diego, CA; Supplementary  Table  S2 ) according to the manufacturer's instructions (http://www.sequenom.com/). These 3 SNPs were grouped together with SNPs of other on-going studies for genotyping using MassArray iPLEX method carried out by a local service provider (http://genome.hku.hk/portal/). The confirmed positive results were tested by a follow-up replication study on Sample Set 2.
For Sample Set 2, two SNPs of the TIMP3 gene (rs135029 and rs137485) were genotyped by unlabeled probe melting analysis. 28 This method uses asymmetric PCR to generate single-stranded DNA (ssDNA) product, and an unlabeled probe that is 3'-blocked by a phosphate group to prevent probe extension. After PCR, the unlabeled probe and a saturating dsDNA dye are added to ssDNA target for high-resolution melting analysis. Asymmetric PCR reaction was performed in a 10-μL reaction mixture containing 10 ng of genomic DNA, 3.5 mM MgCl 2 , 0.1 μM forward primer (excess), 0.01 μM reverse primer (limiting) ( Supplementary Table S2 
Statistical Analysis
Ocular data were analyzed using the STATA package (version 8.2; StataCorp, College Station, Texas).
High myopia was examined as a dichotomous trait. Subjects were classified as affected (cases) or unaffected (controls). In PE, unequal representation of the two alleles of a SNP can result from differential incorporation of ddNTPs, and was corrected with a correction factor (known as k correction factor) 29 estimated based on the average of three independent replicate readings from a heterozygous sample. Relative allele frequencies of a given SNP were estimated from the heights (i.e.
intensities) of the two peaks representing the two extension products in the DHPLC elution profile with correction by the k correction factor. 29 The relative allele frequencies of a SNP were compared between the pools of the case group and the pools of the control group by nested analysis of variance (nested ANOVA; see online supplementary materials for explanation) 30 carried out using the STATA package. SNPs with P value ≤0.10 were followed up by genotyping individual samples forming the DNA pools (Sample Set 1). A lenient threshold of P ≤0.10 was used in order not to exclude any potentially significant SNPs. 32 In each permutation, the genotype data structure and the numbers of cases and controls were kept unchanged while the phenotype status of the subjects was randomly swapped (permutated). The statistic was calculated with each permutation and an empirical P value was generated based on 10,000 permutations.
Permutation of the phenotype status among study subjects is valid under the assumption of null hypothesis. In order to control experiment-wise (instead of marker-wise) type I error rates, each permutation involved all individual SNPs and all haplotypes for a given sample set genotyped individually (Sample Set 1, Sample Set 2 or Combined Sets, each separately), and this was repeated 10,000 times. As such, the generated empirical P values controlled the experiment-wise (or more correctly, family-wise) type I error rates for a given sample set.
RESULTS
Analysis of ocular data
This study had two sample sets collected from Han Chinese in Hong Kong. Sample Set 1 consisted of 300 high myopes (cases) and 300 emmetropes (controls). The characteristics of these subjects have been reported previously. 26 Cases (n=356) and controls (n=354) of Sample Set 2 were recruited using the same entry criteria as Sample Set 1, and their characteristics are summarized in Table 2 with the ocular data being shown for the right eye only, as has been done previously. 26 
Analysis of pooled DNA results
Results of pooled DNA analysis are summarized in Table 3 . The k correction factor ranged from 0.65 to 1.45 with a mean of 1.07. The estimated frequencies of the first eluted allele ranged from 0.0719 to 0.8848 for case pools, and from 0.0939 to 0.8574 for control pools. The difference (case poolscontrol pools) in estimated allele frequencies ranged from -0.0597 to 0.0401. Of the 49 SNPs tested by the DNA pooling approach, only 3 SNPs showed significant difference in allele frequencies between case pools and control pools: rs2003241 (difference=0.0329, nested ANOVA P=0.0119), rs135029 (difference=-0.0597, P=0.0010) and rs137485 (difference=0.0351, P=0.0727). These three SNPs were then genotyped for individual samples forming the DNA pools (Sample Set 1) for confirmation. The remaining 46 SNPs did not show significant differences in allele frequencies between case pools and control pools, and hence were not tested any further (Figure 1 ).
Confirmation of pooled DNA results by individual genotyping
The genotypes of the three follow-up SNPs were in HWE (P>0.05, exact test) for Sample Set 1. The only exception was rs135029 for the case group (P=0.0250). Deviation from HWE in cases can signify marker-disease association. 33 Single-marker analysis showed that rs135029 of the TIMP3 gene was associated with high myopia (P asym =0.0069, allelic test) while the other two SNPs (rs2003241 and rs137485) showed no significant differences between cases and controls (Sample Set 1, Table 4 ). In addition, haplotypes consisting of rs135029 and rs137485 (both in the TIMP3 gene) were also associated with high myopia (P asym =0.0178, omnibus test; Sample Set 1, Table 5 ). These results remained significant after correction of multiple comparisons across single markers and haplotypes by permutation tests: P emp =0.0162 (allelic test, Table 4 ) and P emp =0.0496 (omnibus test, Table 5 ).
Therefore, both rs135029 and rs137485 were further tested in a replication study using Sample Set 2.
SNP rs2003241 was not tested any further (Figure 1 ). Note that the asymptotic P value is indicated as P aysm , and empirical P value as P emp (also see footnotes to Tables 4 and 5 ).
Replication study based on Sample Set 2
The genotypes of both rs135029 and rs137485 were in HWE (P>0.05, exact test). Single-marker and haplotype analyses did not show any significant differences in allele or haplotype frequencies between cases and controls (Sample Set 2, Tables 4 and 5 ). We combined the sample sets (656 cases and 654 controls in total) and re-analyzed the data with adjustment for age as a covariate because the mean age differed very significantly between Sample Sets 1 and 2 (difference=7.46 years, P <10 -4 for t test).
The results remained the same without significant differences in allele or haplotype frequencies between cases and controls (Combined, Tables 4 and 5 ). In other words, the initial positive results in Sample Set 1 could not be replicated independently by Sample Set 2.
DISCUSSION
We adopted an efficient three-stage approach to investigating the relationship between high myopia and tag SNPs of three candidate genes (MMP2, TIMP2 and TIMP3). There are many experimental studies using animal myopia models which suggest the involvement of these genes in myopia development. In the initial stage, 49 tag SNPs were screened using a DNA pooling approach, and 3
SNPs passed the lenient threshold of P ≤0.10 and were followed up. In the second stage, these three "putatively positive" SNPs were genotyped for individual samples forming the original DNA pools.
In the third stage, two SNPs from stage 2 were genotyped for individual samples from a second sample set. However, the initial positive results could not be substantiated in the replication study. It is interesting to note that rs135029 of TIMP3 gave an OR of 1.26 for the combined sample set (P asym =0.0344, Table 4 ), but did not survive after correction for multiple comparisons (P emp =0.0693, Table 4 ). In view of this borderline significance, we explored the potential functional role of this SNP in the literature and using a web-based tool (FuncPred; http://manticore.niehs.nih.gov/snpfunc.htm) for prediction of SNP functions, but without success. In other words, MMP2, TIMP2 and TIMP3 were not associated with high myopia in the Han Chinese population under study, and are thus unlikely to play a major role in the genetic susceptibility to high myopia.
A recent Japanese study examined two functional promoter SNPs of the MMP2 gene in a case-control study involving 725 high myopes (SE ≤-6.0 D) and 546 population-based controls, and found no association of these two SNPs with high myopia. 34 These two promoter SNPs were rs243865 and rs2285053 (named as C -1306T and C -735T, respectively, in the report), and were not examined in the present study. The SNP rs243865 had an MAF of less than 0.10 in Han Chinese and hence did not satisfy the criteria of selecting tag SNPs in our study while the other SNP rs2285053 was not documented in the HapMap database.
A US-based group recently examined 146 tag SNPs from 14 MMP and 4 TIMP genes for 55
Amish families (358 individuals, mean SE = -1.61 D) and 63 Ashkenazi families (535 individuals, mean SE = -3.56 D). 35 The tag SNPs were selected from the HapMap Caucasian (CEU) database with the criteria of MAF ≥0.15 and r 2 ≥0.7. In particular, 6 tag SNPs from MMP2, 11 from TIMP2 and 12 from TIMP3 were included, which are expectedly less than those examined in our study (Table 1) because of their less restrictive criteria of SNP selection. Two SNPs were found significantly associated with ocular refraction by quantitative trait analysis using family-based association testing in the Amish families only, but not the Ashkenazi families. Both sets of families were sampled from largely endogamous, rapidly expanding, but isolated populations in the USA. The prevalence of refractive errors is high in Jewish populations, 36 but relatively low in the Old Order Amish. 37 The behavioral and environmental factors are more conducive to myopia development in the Jewish populations than in the Amish populations, and could probably explain the discrepancy in the genetic association results, as suggested by the authors. 35 The authors also anticipated that the positive results could not be replicated in South Asian Chinese and Japanese populations with high prevalence of environmentally induced myopia. 35 Indeed, our study could not replicate the findings. One of the positive SNPs in the Amish population was rs9928731 (P=0.00026) within the MMP2 gene. 35 This SNP was also screened by the DNA pooling approach in the present study: the estimated frequency of the C allele was 0.5414 in case pools and 0.5015 in control pools, which were not statistically significant (difference=0.0399, nested ANOVA P value = 0.1435, Table 3 ). The frequency of the C allele in controls is similar to that in Han Chinese documented in HapMap database (0.5015 vs 0.4560). It is worth noting that the phenotype definition was different for these two studies:
quantitative measures of refractive errors in the American study, but dichotomous trait of high myopia (affected vs unaffected) in our study.
All three association studies (Japanese, American and our) focus on common polymorphisms in the genes under study and hence assumed the hypothesis of common disease common variants. 38 Strong linkage disequilibrium (LD) between common tag SNPs and common casual variants is critical to the success of this indirect LD mapping approach. Sequence variations must have similar allele frequencies in order to be highly correlated and in strong LD. However, rare casual variants may also contribute to myopia development -the other side of the story being the hypothesis of common disease rare variants. 38 This indirect approach is of low power in detecting association with rare variants because of the weak LD between common tag SNPs and rare casual variants. Therefore, direct mapping must be performed to detect association with rare causal variants, which must first be identified. Rare variants can be identified for direct association studies by sequencing of good candidate genes or even the whole genome for a very large number of samples. 39 Our case subjects had extreme refractive errors (mean SE = -10.53 D for Set 1; 26 and -10.30 D for Set 2, Table 2 ). This would enhance the homogeneity of the myopia phenotype, enrich the genetic components of the contributing factors, and hence increase the power of our study (though in a subtle manner). The three candidate genes were chosen for study because they have been shown to be involved in sclera remodeling in myopia development in many studies. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Our negative finding might imply that these genes do not carry common sequence variants that are capable of influencing their function and/or regulation in the relevant ocular tissue. However, the contribution of behavioral and environmental effects on high myopia should not be overlooked. Our DNA pooling-based initial screen adopted a lenient threshold of P ≤0.10 in order avoid missing potential SNPs. For rs135029 of TIMP3, the power of the third stage study (Sample Set 2) is 73% under an allelic model and 78% under a genotypic model. The power is calculated based on the following assumptions with the online Genetic Power Calculator (http://pngu.mgh.harvard.edu/~purcell/gpc/): OR and allele frequencies obtained for rs135029 for Sample Set 1 (Table 4 ), a disease prevalence of 0.05 for high myopia in our local Chinese population, 40 and a significance level set at α=0.025 because two SNPs were examined in the third stage. One disadvantage of DNA pooling strategy is that it makes haplotype analysis very difficult, if not impossible. 24 Algorithms are available for estimating haplotype frequencies in small DNA pools constructed from a few (<10) individuals. In other words, our current pooling protocol might miss some potential SNPs for follow-up in the second stage analysis if high myopia is associated with certain haplotypes, but not individual SNPs. This is one of the reasons why a lenient threshold of P ≤0.10 was used to selecting SNPs for follow-up study by individual genotyping in the second stage.
Association testing of DNA pools has been proven to be an effective initial screen of SNPs and candidate genes for subsequent detailed follow-up study. 24, 41 The major advantages are tremendous reduction in DNA usage and in the amount of genotyping work when compared to individual genotyping. For example, our study required for each SNP 36 PCRs and subsequent analyses for 6 case pools and 6 control pools (Fig. 2) , plus three separate PCRs for heterozygotes to determine the k correction factor. The amount of genotyping work was only about one-fifteenth of that required for genotyping of 600 individual samples. It has also been shown that use of small DNA pools of about 50 individuals is superior to use of fewer, larger DNA pools for candidate gene studies. 25 In addition to the advantages mentioned above, use of small DNA pools allows the use of standard statistical method (nested ANOVA) for data analysis without the need of directly estimating the variance components of the error sources while it properly handles variations arising from sampling of subjects and technical errors, which are due to unequal amounts of DNA being mixed together, errors in PCR and primer extension, and in DHPLC analysis.
The present study used DHPLC analysis to estimate the relative allele frequencies of DNA pools. DHPLC analysis is in fact a rate-limiting step because samples have to be injected and analyzed sequentially. The throughput can be greatly increased if quantitative genotyping is conducted with a mass spectrometer, 42 e.g. using the MassArray iPLEX method (Sequenom).
However, the local service provider only entertained request of classical genotyping work based iPLEX method, but not quantitative genotyping. DNA pooling strategy may become less attractive as the unit cost of genotyping reduces tremendously with the availability of high-throughput genotyping platforms like whole-genome genotyping arrays. Nevertheless, the total cost of whole-genome genotyping for a large number of samples is still prohibitive for many research groups. In fact, genome-wide association studies can be within the reach of even small-to medium-sized research groups if DNA pooling strategy is applied. 43 Interestingly, errors due to array variations are much greater than those due to pool construction, and hence it is recommended to have multiple arrays per DNA pool for a few pools rather than multiple DNA pools with less arrays per pool. 44 In conclusion, we used a DNA pooling strategy to screen 49 tag SNPs from three candidate genes (MMP2, TIMP2 and TIMP3). Three tag SNPs passed the threshold (P ≤0.10) and were tested by individual genotyping of samples forming the DNA pools. Two SNPs from the TIMP2 gene were found associated with high myopia by single-marker analysis or haplotype analysis. However, the initial positive results could not be replicated by an independent second sample set. Overall, these three candidate genes are unlikely to play a major role in the genetic susceptibility to high myopia in Chinese population. Figure 1 . A three-stage approach to testing genetic association based on an initial screen of DNA pools.
FIGURE LEGEND
Figure 2.
Nested design of the DNA pooling study. There are two subject groups (case group, G 2 ;and control group, G 1 ), six DNA pools per group (P 21 to P 26 for case group, and P 11 to P 16 for control group), and three technical replicates (R ij1 to R ij3 ) for each DNA pool. Note that there is no link from any pools of the case group to any pools of the control group. Therefore, the level of the case group is not cross-classified with the control group, but is nested with the respective group, i.e. the pools are nested within the group. Each DNA pool was constructed by mixing equal amounts of DNA from 50 distinct individuals of the same subject group. * The major allele is designated as "1" and minor allele as "2"; and the genotype counts are indicated as the counts of the genotypes 11, 12 and 22, respectively. Sample Set 1 has 300 cases and 300 controls while Sample Set 2 has 356 cases and 354 controls. Note that the total genotype counts may not add up to these expected numbers because a few samples failed to be genotyped in a random fashion. (Table 3 ) and omnibus tests of haplotypes (this table) for a given sample set (Set 1, Set 2 or Combined, each separately). The empirical P value is indicated as P emp . Note that PLINK does not generate confidence intervals for odds ratios (OR) in haplotype analysis. † Single-marker (Table 4 ) and haplotype (this table) analyses are performed for the combined sample set (Sets 1 and 2) with adjustment for age as a covariate to account for the effect of age. This has to be done using logistic regression, the relevant PLINK command of which does not give the 95% CI for the odds ratio (OR). 
